Abstract: Fourier multiplexed FLIM (FmFLIM) tomography enables multiplexed 3D lifetime imaging of whole embryos. In our previous FmFLIM system, the spatial resolution was limited to 25 μm because of the trade-off between the spatial resolution and the imaging depth. In order to achieve cellular resolution imaging of thick specimens, we built a tomography system with dual-color Bessel beam. In combination with FmFLIM, the Bessel FmFLIM tomography system can perform parallel 3D lifetime imaging on multiple excitation-emission channels at a cellular resolution of 2.8 μm. The image capability of the Bessel FmFLIM tomography system was demonstrated by 3D lifetime imaging of duallabeled transgenic zebrafish embryos.
Introduction
Three-dimensional optical microscopic methods allow the visualization of structural and functional information inside thick tissue and embryos. They have become powerful tools for biologist to study live specimen noninvasively. Still, two major challenges remain in the field of 3D optical imaging of biological samples: first, penetrating thick specimens while maintaining cellular-level resolution and high sensitivity, and second, obtaining more functional information while keeping the same imaging speed.
The penetration depth of a microscopy method is limited by tissue scattering. Conventional optical microscopy assumes light travels along a ballistic path in a biological specimen. In reality, light scattering exists both in the illumination/excitation and the emission path, and the sensitivity and resolution of conventional optical microscopy methods degrade in deep tissue. For example, commercial microscopes based on point-scanning imaging, such as confocal and multi-photon imaging, require a tightly focused excitation beam, which spreads out in deep tissue due to scattering, resulting in resolution degradation. Confocal microscopy uses a pinhole to reject diffused fluorescence signal [1] , leading to low detection efficiency in deep tissue. Multi-photon microscopy, while having better tissue penetration due to the use of long wavelength light [2] , still needs to battle with the loss of excitation power and maintain a delicate balance between fluorescence emission strength, imaging speed and photo-damage. The same penetration limit also applies to more recent optical imaging methods specialized in deep tissue imaging. For example, Optical projection tomography (OPT), which uses a camera to capture projection images of a specimen, has the ability to image 3D morphology of specimens by light absorption or fluorescence [3] , but when imaging large specimens, the resolution of camera-based OPT is significantly degraded [4] . In light sheet imaging, images from the center of a specimen are often significantly weakened and blurred [5] . Both camera-based OPT and light sheet microscopy suffer from light scattering degradation in the excitation and detection path. Scanning laser optical tomography (SLOT) [8] , the raster-scanning optical tomography method, however, only suffers from light scattering in the excitation path. Because the emission signal of SLOT is collected pixel-by-pixel through condensing optics rather than imaging optics, scattered emission can be effectively collected and spatially registered in an SLOT projection image. SLOT in theory has a longer penetration depth than camera-based OPT and light sheet imaging.
Functional information from a specimen can be obtained by combining structural image detection with spectroscopic measurements. Recently, we presented the combination of Fourier multiplexed fluorescence lifetime imaging (FmFLIM) [6, 7] and SLOT. FmFLIM-SLOT performed non-invasive quantitative lifetime imaging of multiple FRET sensors in deep tissue, which allowed multiplexed 3D functional image analysis of live zebrafish embryos [9] . However, at present, the resolution of the SLOT was limited at the macroscopic level, which was set by the cross section of the Gaussian scanning beam [8, 9] . Although a tightly focused Gaussian beam could potentially support SLOT at the cellular resolution, the rapid divergence of a Gaussian beam would prohibit tomographic imaging over a large specimen. In our previous FLIM-SLOT study, in order to image the entire zebrafish embryo, which is over 300 μm in its thickest part, a trade-off between spatial resolution and field of view (FOV) was made, and the experimental resolution was set at 25 μm.
Here we report the use of a dual-color Bessel beam in the FmFLIM-SLOT to achieve cellular resolution functional imaging with an extended field of view. Results will show the Bessel FmFLIM-SLOT system achieves a spatial resolution of 2.8 μm in a 705-μm-wide FOV. The resolution of the new system is 1/10 of the resolution of the previous Gaussian FmFLIM-SLOT system. Meanwhile, the Bessel FmFLIM-SLOT system is still capable of performing multiplexed 3D lifetime imaging of live embryos, and can be used for multiplexed FLIM-FRET imaging in vivo.
Bessel multiplexed FLIM tomography
The Bessel beam is well-known for its 'non-diffraction' pencil shape focus. Compared to a Gaussian beam, the Bessel beam has an extended focal depth with narrow central peak. It has been used in optical coherence tomography [10] [11] [12] and light sheet microscopy [13] [14] [15] to improve resolution over an extended imaging depth. Similarly, replacing the Gaussian beam with a Bessel beam in SLOT will improve the resolution without sacrificing the image depth. The self-reconstructing nature of a Bessel beam can also reduce scattering artifacts, and increase penetration depth of excitation photons in inhomogeneous media [16, 17] .
The FmFLIM-SLOT system, as demonstrated previously, has the unique ability of parallel excitation-multiplexing ( Fig. 1(A) ). In the system, a multi-wavelength laser beam is modulated by a fast-scanning Michelson interferometer, which generates intensity modulations in the laser ( Fig. 1(B) ). Each laser line has its unique modulation frequency, which provides the ability of simultaneous lifetime measurements on multiple excitation channels through the principles of Fourier (frequency) multiplexing. The FmFLIM-SLOT system then uses the modulated multi-wavelength laser beam to scan across the sample and performs tomography imaging. In order to introduce Bessel beam scanning in FmFLIM-SLOT while keeping the benefit of parallel detections on multiple excitation wavelengths, Gaussian beams from multiple laser lines need to be reshaped into Bessel beams copropagating along the same propagation axis and with the same beam profile, so that images of all laser lines are precisely co-registered and have the same resolution. Such an achromatic Bessel beam cannot be produced with an axicon lens [18] . In our system, a SLM(Spatial light modulator) based method was used to generate the achromatic Bessel beam ( Fig. 1(C) ) [18] .
Optical setup
Figure 1(A) shows the schematic of the FmFLIM Bessel tomography system. Excitation laser lines (488 nm and 561 nm) are merged and coupled into a single mode fiber. The output from the fiber is collimated, and directed into a Michelson interferometer with a spinning polygon mirror (Lincoln Laser), which is the same as previously reported ( Fig. 1(B) ). The polygon mirror has 48 facets mirror which scans at a speed of 55,000 rpm (23 μs per facet). It produces a wavelength dependent frequency sweep, whose frequency f = ν/λ is unique for each laser line (ν is the instantaneous delay-scan speed, which changes linearly from approximately −94 m/s to 94 m/s).
The modulated laser output from the interferometer is split into two parts. The weaker part of the output is further split into two laser lines by a dichroic mirror, and sent to two highspeed photodetectors to record interference modulations of two excitation lasers respectively. The majority of the output beam is expanded and directed to an SLM (Hamamatsu, X10468-01, 800 × 600, 20 μm pitch) to create the Bessel beam. The phase change of an SLM is wavelength dependent, which makes an SLM an inherently dispersive component. To achieve identical beam shaping at multiple wavelengths, dispersion compensation is needed. Jonathan et al. [18] had demonstrated a SLM-based dispersion compensation method for generating achromatic Bessel beams. We follow their method ( Fig. 1(C) ) of adding a grating pattern in additional to the axicon phase pattern on the SLM. An iris is used to select the first-order diffracted component at the Fourier plane. The linear angle dispersion in the multiwavelength beam, which is caused by the grating, is compensated by a 4° BK7 prism placed in the image plane.
The frequency modulated two-color Bessel beam is directed to a SLOT imaging system. After passing through an x-y galvo mirror scanner, a series of 4f relay lenses and the final illumination objective (M plan Apo 20x, Mitutoyo), the Bessel beam is de-magnified by 80x and projected onto the sample. The embryo is mounted in a transparent FEP tube (Cole Parmer, 06406-60, 1/32 inch ID), whose rotation is controlled by a motorized rotational stage (PRM1Z8, Thorlabs). The Bessel beam scans across the sample and excites fluorophores along its path. Fluorescent emission is collected from the side by a f = 30 mm condenser lens, separated into two emission spectral bands by a dichroic mirror and detected by two PMT detectors (H7422, Hamamatsu). 
Characteristics of dual-color Bessel beam
Traditionally, a Bessel beam is generated by passing a circular beam through an axicon lens or a SLM with a wrapped axicon phase pattern. The characteristics of the resulting Bessel beam are decided by a combination of the incident beam size (or the SLM size) and the base angle of the axicon, which is tunable in an SLM. In our setup, the 1/e 2 radius of the incident beam was a 0 = 5 mm, and a phase pattern equivalent to an axicon base angle θ = 0.0015 rad was used to generate the original Bessel beam. Assuming the incident beam is a plane wave, the resulting Bessel beam was estimated to be l = a 0 /θ = 3.3 m in length, and its center lobe width should be r = 0.61λ/θ = 199 μm at laser wavelength λ = 488 nm. After 80x demagnification, the Bessel beam at the sample should be 2.5 μm in the center lobe width and 500 μm in the maximum length.
The key to multi-color Bessel beam generation with an SLM is adding a diffractive grating phase pattern on top of the axicon pattern on the SLM, and later using a prism to compensate the linear angle dispersion in the first-order diffracted beam. Figure 2(A) shows Bessel beam profiles of individual wavelengths captured by a beam profiler at 450mm after the prism. The beam profile of each individual wavelength, shown in Fig. 2(B) , matches with the ideal Bessel function within the experimental precision. Beams of all wavelengths have a central lobe diameter of 169 μm (zero to zero), which matches the theoretical estimation reasonably well. Because the single-element BK7 prism we used has a non-linear dispersive curve, full dispersion compensation can only be achieved at two wavelengths. Changing the grating line density will allow forming dual-wavelength Bessel in any wavelength combination. In this study, by fine-tuning the line density of the grating pattern, a two-color Bessel beam at 488 and 561 nm was produced, but 405 and 640 nm beams exhibit residue dispersion, which caused beam centers to move away from the 488-561 beam (Fig. 2(C) ). A multi-element achromatic prism with a linear dispersion could be used in the future to generate a white achromatic Bessel beam. After demagnification through a series of delay lens and objective, the achromatic Bessel beam reaches the sample. Its actual length was measured to be about 300 μm in FWHM and its full length was about 500 μm ( Fig. 3(A) and Fig. 3(B) ). The Bessel FmFLIM-SLOT system can therefore perform 3D imaging over at least 300 μm thick specimen with an isotropic resolution. To experimentally test the imaging resolution over the entire imaging FOV, we took the scattering image of a FEP tube (Cole Parmer, 06406-60, 1/32 inch ID) by removing the emission filter. To stay as close as possible to the situation of live embryo imaging, the tube was filled with 1% low melting point agarose (Sigma), which was used to embed live embryos in later experiments. A thin water gap formed between the agarose and the FEP tube after gelling. In the cross-section view of the 3D reconstructed tube image, weak reflections from the FEP-water interface (outside circle) and water-agar interface (inside circle) were resolved over the entire circular section of the tube cavity, whose diameter was measured to be 705 μm (Fig. 3(C) ). The double-layer circular structure was observed without tomographic reconstruction artifact. Line widths of two interfaces were used to estimate the FWHM of the system's line response function, i.e. the resolution. Figure 3(D) plots the line profile across two interfaces, averaged along the entire circle of the tube wall, which show FWHM widths of two interfaces are at 2.8 μm and 2.6 μm respectively. The double-layer circular structure is located at the edge of the FOV, where the tomography image resolution is degraded by the excitation beam divergence. Thus we estimated that the spatial resolution of Bessel-SLOT is 2.8 μm or better within the entire FOV. The experimental resolution estimation (2.8 μm) matches with the theoretical beam size estimation (2.5 μm) within a reasonable error. The side view of the Bessel beam (Fig. 3(A) ) also shows slight asymmetry, which was caused by aberrations in the objective lens and slight index mismatching between FEP, water and agarose. Aberrations increase as the Bessel beam scans to the edge of the projection FOV. Thus, the size of the projection image is limited to about 900 μm. 
FmFLIM-SLOT data processing
In the same way as our pervious low-resolution FmFLIM-SLOT study, raw data from the Bessel FmFLIM-SLOT underwent 3D image reconstruction followed by multi-channel lifetime analysis. The data processing was discussed in detail previously [9] . In short, the fluorescence emission is split into multiple emission channels through a cascade of dichroic mirrors. Each emission channel is detected by a PMT. The PMT signal is amplified and down mixed with a reference excitation laser modulation signal. The resulting signal contains the amplitude and frequency response phase information about the fluorescence emission for each emission-excitation channel [19] . In FmFLIM-SLOT, signals from multiple excitationemission channels are digitalized and stored simultaneously during a projection scan, producing a 2D projection image of hyperspectral fluorescence frequency domain data S(x, z, θ i ; ω, λ x , λ m ), where x, z are the coordinates of projection images, θ i is the projection angle of each projection, ω is the sweeping modulation frequency of excitation beam, and λ x,m are excitation-emission wavelengths. During data processing, a hyper-spectral 3D volume S'(x, y, z; ω, λ x , λ m ) is first reconstructed from the projection data through the inverse Radon transform. Then the frequency response S' is analyzed by iterative least square fitting with single-exponential decay model [7] , which generates the multi-channel 3D fluorescence lifetime image τ (x, y, z; λ x , λ m ) and intensity image I(x, y, z; λ x , λ m ) .
Multiplexed 3D FLIM of live zebrafish embryo
To demonstrate Bessel FmFLIM-SLOT's capability in live imaging, Tg (kdrl:GFP; fli1a:Gal4; UAS:nfsB-mCherry) zebrafish embryos were mounted in FEP tubes with embryo medium containing 200 μg/mL tricaine (anesthetic drug) and 1% low melting point agarose gel (Sigma). The triple transgenic embryo expresses GFP in vascular endothelial and lymphatic cells and mCherry in vascular endothelial cells.
A dual-color Bessel beam of 488 and 561 nm was used to scan embryos. Emission was split into green (457 ± 20 nm) and red (593 ± 20 nm). Two excitation-emission channels: 488-green and 561-red were recorded simultaneously to detect GFP and mCherry respectively. Excitation powers were 940 μW (488 nm) and 660 μW (561 nm) at the pupil of the objective lens respectively. The embryo was rotated at 2° angle intervals between each projection. A total of 180 frames 360 × 512 pixels projection images with 1.8 μm pixel pitch were acquired. It took 22 minutes to acquire the whole data set, of which approximately 14 minutes were spent on projection image scanning, and 8 minutes were spent on rotating the embryo. Figure 4 presents a set of reconstructed 3D image taken from an embryo at 40 hpf (hours post fertilization). Fly through and 3D rendered views of the entire image set are available in Supplementary Visualization 1, Visualization 2, and Visualization 3. In intensity projections and cross-sections, fine structural detail can be seen in vasculature labeled by GFP and mCherry. The expression patterns of GFP and mCherry were not identical because expressions of these two FPs were driven by two different promoters (kdrl for GFP and fli1a for mCherry). Lifetime images of 488-green and 561-red channels show lifetimes of GFP and mCherry at 2.4 ns and 1.5 ns respectively. In a zoomed view of a reconstructed cross section (Fig. 4(D) , 488-green channel), two vascular walls are clearly discerned with a separation of 3.5 μm, indicating that the spatial resolution of Bessel FmFLIM tomography is better than 3.5 μm in a live embryo (Fig. 4(E) ).
In Bessel FmFLIM-SLOT, a large fraction of energy propagates in side bands of the Bessel beam and generates a constant fluorescence background in the raw projection image (Fig. 5(C) , red line). The background is removed in the reconstructed tomographic 3D image (Fig. 5(C) , blue line), because in the inverse Radon transform reconstruction, which is given by
a constant background (spatial frequency k = 0) in the projection image P(θ, k) does not contribute to the result after being multiplied by the inverse filter k. The background, however, does add unwanted bleaching to samples and contributes additional shot noise to the reconstructed image. Both bleaching and additional shot noise affect the SNR of the results. Because side bands are stronger in narrower and longer Bessel beams, a trade-off between the depth of view and the SNR needs to be made in Bessel SLOT. In this work, the 2.5 μm resolution and a 300 um depth of view were chosen for imaging live zebrafish embryos. In future applications, the resolution and the depth of view may be adjusted by changing the axicon phase pattern on the SLM. (E) Normalized intensity profile of the fine vascular structure marked in (D) Two vascular walls were seen separated by 3.5 μm in the reconstructed image. 
Summary
By replacing the Gaussian scan beam with a multi-color Bessel beam, the spatial resolution of FmFLIM-SLOT was boosted from 25 μm [9] to 2.8 μm, whereas its depth of view was maintained at more than 300 μm. The 2.8 um resolution is significant for revealing fine cellular structure in live specimen. The system was applied to live zebrafish embryo imaging.
Results demonstrated that the sensitivity of the system is sufficient for live imaging of fine structures labeled by genetically expressed fluorescence markers and the experimental resolution reaches the theoretical prediction. Low-resolution FmFLIM-SLOT had been previously used for dual FRET sensor imaging, which allowed dual functional image readout from live embryos during different stages of development. With an improved resolution, Bessel FmFLIM-SLOT will be able to perform similar in vivo multiplexed functional imaging study with more spatial information, and provide information about complex spatial-temporal biochemical events during development and disease progression.
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